A molecular epidemiological study on Roman policemen is ongoing. The results of a first assessment of the occupational exposure to aromatic compounds of 66 subjects engaged in traffic control and of 33 office workers are presented in this paper. Passive personal samplers and urinary biomarkers were used to assess exposure to benzene and polycyclic hydrocarbons during work shifts. The results obtained indicate that benzene exposure in outdoor workers is about twice as high as in office workers (geometric mean 7.5 and 3.4 µg/m 3 , respectively). The distribution of individual exposure values was asymmetrical and skewed toward higher values, especially among traffic wardens. Environmental benzene levels recorded by municipal monitoring stations during work shifts (geometric mean 11.2 µg/m 3 ) were in the first instance comparable to or greater than individual exposure values. However, several outlier values were observed among personal data that greatly exceeded average environmental benzene concentrations. Among the exposure biomarkers investigated, only blood benzene correlated to some extent with previous exposure to benzene, while a seasonal variation in the excretion of 1-hydroxypyrene and trans-muconic acid was observed in both study groups. In conclusion, these results suggest that outdoor work gives a greater contribution than indoor activities to benzene exposure of Roman citizens. Moreover, relatively high-level exposures can be experienced by outdoor workers, even in the absence of large-scale pollution episodes.
Introduction
Urban air is polluted by a number of toxic or potentially carcinogenic compounds, mainly originating from the combustion of fossil fuels. In particular, the occurrence in urban air of significant amounts of organic carcinogens such as benzene and benzo[a]pyrene raises concerns about the possible long-term effects in urban populations. In this respect, epidemiological studies indicate an increased risk for lung cancer in urban residents compared with rural populations [1, 2] , and exposure to airborne carcinogens has been implicated in this 'urban factor' [3, 4] .
Among urban citizens, the highest exposure to airborne pollutants is experienced by outdoor workers, such as policemen, street sweepers, postal workers and newspaper vendors. Traffic wardens in particular have been suggested to be a high-risk group. Previous studies suggest a prevalence of respiratory and cardiovascular diseases [5, 6] , as well as an excess of cytogenetic alterations [7, 8] and DNA adducts [9] in white blood cells of traffic police workers.
At present, a medical surveillance programme is ongoing on traffic wardens of the city of Rome. Several early effect biomarkers are being investigated in order to assess the health effects of exposure to urban air pollutants in these workers, who represent a suitable model group for the estimation of health risks for the general population. In this paper, we report the results of a first survey on~100 subjects engaged in traffic control or office work. Passive personal samplers, as well as urinary biomarkers, were used to measure individual exposures to volatile aromatic compounds (benzene and alkyl derivatives) and polycyclic hydrocarbons during work shifts. Moreover, the intensity of exposure to benzene of the study subjects was compared with ambient benzene concentrations measured by municipal monitoring stations during work shifts, in order to investigate the correlation between individual exposure and background levels of this pollutant.
Materials and methods

Study population
Study subjects were recruited among Roman policemen. The study population consisted of 66 traffic wardens engaged in traffic control in medium-to high-traffic districts and a reference group of 33 policemen involved only in office work. The two groups were matched by gender, age and length of employment (Table 1 ). All subjects were non-smokers. Detailed information on health status, diet and exposure to aromatic compounds at home or during recreational activities was gathered by questionnaire. All workers were properly informed and gave written consent to participation in the study.
Sampling
All workers were monitored once, during the morning shift (07:00-14:00 h) on a working day between December 1998 and June 1999. On the day of monitoring, subjects were asked to give urine and blood samples at the beginning and the end of their work shifts, and to wear a passive personal sampler near the breathing zone. In order to account for environmental or seasonal variations in air pollution, exposure measurements in traffic wardens and reference subjects (office workers) were always carried out in parallel.
Environmental monitoring
Subjects were equipped with diffusive air samplers for volatile organic compounds, using charcoal as the absorbant (Radiello ® ; Fondazione S. Maugeri, Pavia, Italy). The diffusion rate of benzene was 80 cm 3 /min, with an interval of linearity of 1-200 000 mg/m 3 /min. Absorbed compounds were desorbed from charcoal with 2 ml of benzene-free CS 2 , shaken for 30 min and analysed by gas chromatography coupled with mass spectrometry. The detection limit was 0.01 µg of benzene/ml of CS 2 , corresponding to an airborne benzene concentration of 0.7 µg/m 3 .
Biological monitoring
In all subjects, internal exposure to benzene was evaluated by means of three specific biomarkers: blood benzene, urinary S-phenylmercapturic acid (S-PMA) and trans-muconic acid (TMA). The latter two are benzene metabolites [10] , resulting from the reaction of benzene oxide with glutathione and from the rearrangement of benzene oxide through a ring-opening pathway, respectively. Benzene concentration in blood, due to its fast equilibrium with benzene in alveolar air [11] , is mainly an indicator of recent exposure. On the other hand, both S-PMA and TMA can accumulate in urine and give an estimate of cumulative exposure in the previous few hours [12] . Internal exposure to polynuclear aromatic hydrocarbons (PAH) was evaluated by measuring urinary 1-pyrenol (1-PYR), a product of enzymatic hydroxylation of pyrene, which was shown to be a reliable indicator of overall exposure to PAH [13] [14] [15] . Blood benzene and urinary S-PMA and TMA were measured both in pre-and post-shift samples. 1-PYR was measured in post-shift samples only. Urine samples were stored at -20°C and thawed just before analysis.
Analytical methods
S-PMA in urine was determined by high-pressure liquid chromatography (HPLC) with a fluorescence detector according to a published method [16] . The limit of detection (LoD) was 0.5 µg/l. TMA was determined by HPLC equipped with a UV/VIS detector according to a published method [17] .The LoD was 3 µg/l. Urinary 1-PYR was determined by HPLC with a fluorescence detector following the method of Jongeneelen et al. [18] . The LoD was 0.02 µg/l. All urine samples were run in duplicate. To correct for urine dilution, the results were normalized to creatinine concentration.
To determine benzene concentration in blood, 5 ml of blood were collected in a 22 ml vial filled with 50 µl of heparin as an anticoagulant and containing a sorbent cartridge sheltered within a glass support. The sorbent cartridge, filled with previously thermally desorbed Tenax (300 mg), was used to collect benzene from blood. Twenty-four hours after sample collection, benzene was thermically desorbed from Tenax and analysed in a gas chromatograph connected to a flame ionization detector (FID) according to a published method [19] . The LoD was 50 µg/l.
Statistics
Group values were compared by Student's t-test, using ln-transformed data. Correlations between experimental variables were estimated by Pearson's r-coefficient.
Stepwise regression analysis (P for entry <0.05) of ln-transformed data was used to estimate the influence of multiple independent variables on personal exposure descriptors. All analyses were performed using the SPSS statistical software package.
Results
Environmental monitoring
Data on personal exposure to benzene and alkyl benzenes in traffic wardens and control subjects are summarized in Table 2 . No sample was below the LoD of the method. The coefficient of variation of results (ratio of SD to mean) was greater for traffic wardens than for controls, in agreement with the expected larger variation of the exposure profile of outdoor workers. Moreover, the distribution of exposure values in traffic wardens was highly asymmetrical, skewed toward higher values ( Figure 1 ). Therefore, data were ln transformed in order to normalize variance for further statistical analyses. The comparison of group values shows a highly significant difference between traffic wardens and the reference group of indoor workers for all pollutants measured (P < 0.001, Student's t-test on ln-transformed data). All aromatic compounds measured were intercorrelated, as expected because of their common origin from anthropic sources. Table 3 shows the correlation coefficients between benzene and alkyl benzene in the two study groups.
The relationship between personal exposure to benzene in outdoor workers and ambient benzene concentrations was also investigated. To this end, data from the four stationary analysers of the municipal monitoring network equipped for benzene determinations were considered. The average ambient benzene level measured during work shifts was 13.6 µg/m 3 (SD = 7.7, geometric mean = 11.2). In the first instance, this figure is comparable to individual exposure levels recorded during work shifts (see Table 2 ), even though the majority of personal measurements were lower than ambient concentrations. Even though the topographical locations of monitoring stations (three of which were located at high-traffic sites) were only partially coincident with the areas covered at work by the study subjects, the intercorrelation of data provided by different stations (r = 0.32-0.72, P < 0.0001) indicates that data were representative of the daily variation in pollution levels over the entire urban area. Therefore, it is notable to observe that the overall correlation between personal exposure and the background level of benzene was quite poor (r = 0.06 for ln-transformed data): in particular, outlier values of benzene exposure were apparently uncorrelated with high environmental benzene levels ( Figure 2) . A stepwise regression analysis of data confirmed that the intensity of benzene exposure, as measured by personal samplers, was uncorrelated with environmental benzene levels recorded by monitoring stations in the urban area. Among the variables considered (job, age, sex, environmental benzene), only the dichotomous variable job (traffic warden versus office clerk) was significantly correlated to benzene exposure, this alone explaining 26% of the overall variance in personal exposure values.
Biological monitoring
The results of the analysis of biomarkers of internal exposure at the end of work shifts are summarized in Table 4 . Blood benzene levels were relatively more elevated in traffic wardens compared with controls, but this difference did not reach statistical significance (P = 0.068, Student's t-test on ln-transformed data). No significant difference between study groups was observed for the other exposure biomarkers, nor for the difference between pre-and post-shift samples (data not shown). As the distribution of values deviated significantly from normality, they were ln transformed for subsequent regression analyses.
Correlation values between exposure biomarkers (postshift measurements) are shown in Table 5 . Blood benzene levels were weakly correlated with urinary S-PMA (P = 0.069), but not with TMA or 1-PYR. On the other hand, a highly significant correlation was observed between urinary concentrations of the unrelated metabolites TMA and 1-PYR (P < 0.001). As discussed below, interindividual variations in metabolic activities related to the genetic polymorphism of drug-metabolizing enzymes could underlie this unexpected similarity in the excretion profile. Basically similar conclusions (i.e. for a correlation between blood benzene and urinary S-PMA) were obtained by subtracting baseline concentrations measured in pre-shift samples (data not shown).
The results of stepwise regression analyses are shown in Table 6 . A regression model explaining 18% of total variance in blood benzene level at the end of the work shift considered both personal exposure to benzene and blood benzene before the work shift. The dichotomous variable 'season' (December-March versus April-June) referred to the sampling period, and was entered in statistical models describing the variation of 1-PYR and TMA levels. On the other hand, no model explaining the variance of S-PMA could be constructed with the variables considered. In any case, these models only explained a small fraction of total variance, indicating that other, undefined factors play a prevailing role in modulating the internal exposure and excretion of benzene and pyrene metabolites in the study group. 
Discussion
An accurate determination of the intensity of exposure is pivotal to any reliable estimation of risks posed by environmental agents. With regard to airborne pollutants, risk estimates usually rely on environmental measurements of the agents of toxicological concern. Yet, the appropriateness of this approach was recently called into question by the results of a survey [20] that demonstrated that the exposure to benzene of European citizens may be twice as high as urban levels, and that indoor concentrations may exceed outdoor levels by a factor of 1.5. Therefore, in an ongoing research project on the health effects of air pollution in Rome, a preliminary assessment was made as to whether-and to what extent-outdoor activities in high-traffic areas could be associated with an increased exposure to noxious pollutants. In particular, benzene exposure was evaluated over a 7 month period in traffic wardens, typically involved in outdoor work, and in matched controls spending the shift time indoors. The results presented in this paper indicate that, in Rome, traffic wardens and possibly other outdoor workers experience an average benzene exposure that may be more than twice that of indoor workers. The distribution of exposure values in traffic wardens was highly asymmetrical, skewed toward higher values. Interestingly, no parallel increase in environmental benzene was recorded concurrently with the highest personal exposure measurements, suggesting the presence of highly polluted spot sites in conditions of otherwise normal general background contamination.
Despite some outlier values, the average benzene exposure of traffic wardens measured in this study was low, and below the reference value for urban air quality, currently set at 10 µg/m 3 in Italy. This result contrasts with those obtained in previous studies on traffic wardens carried out in other Italian cities, where average benzene exposures in the range 40-53 µg/m 3 have been reported [21, 22] . Beyond geographical differences, this discrepancy between older and recent data may reflect the negative time trend in benzene pollution observed in recent years [23, 24] , most likely as a consequence of the decrease in the benzene content of gasoline.
At the relatively low exposure levels measured in this study, exposure biomarkers were of limited use. Among benzene exposure biomarkers, only blood benzene proved to correlate to some extent with previous exposure level. On the other hand, no apparent correlation with exposure was observed with the urinary markers TMA and S-PMA. In this respect, it has to be observed, however, that the collection of urine just at the end of shift could lead to an underestimation of previous exposure because of the time lag, due to pharmacokinetic and metabolic processes intervening between benzene exposure and excretion of marker metabolites. In any case, a significant overall reduction of TMA and 1-PYR was observed when comparing summer samples (collected over April-June) with winter ones (collected in December-March). This may reflect the parallel seasonal variation in atmospheric pollution observed in Rome over recent years [23] , thus indicating some responsiveness of urinary TMA and 1-PYR to variation in environmental pollution levels.
An unexpected finding of this study is the strict quantitative correlation observed-in both study groupsbetween TMA and 1-PYR excretion. Due to the lack of direct links between the two molecules, it is proposed that metabolic factor(s) may underlie such similar excretion profiles. A common genetic polymorphism has, in fact, been shown to modulate the excretion of both TMA [25] and 1-PYR [26] in the same way, with higher excretion in glutathione transferase null individuals.
In conclusion, the results of this study indicate that outdoor activities give a greater contribution to benzene exposure of Roman citizens and that relatively high-level exposures can be experienced even in the absence of large-scale pollution episodes. Therefore, despite the significant reduction in environmental benzene consequent on the improvement of fuel quality and the abatement of vehicle emissions, the implementation of further measures for the reduction of benzene pollution in urban areas is recommended.
